Objective-Acute coronary diseases are characterized by elevated levels of circulating platelet-leukocyte complexes, raising the possibility that proinflammatory processes might be initiated in leukocytes after platelet adhesion. Here we examined the mechanism of platelet binding to polymorphonuclear leukocytes, monocytes, and monocyte subsets and investigated the potential functional consequences of monocyte binding to minimally activated or thrombin-activated platelets. Methods and Results-In this article, we describe key differences in terms of stability of PSGL-1-mediated interaction of platelets with monocytes and polymorphonuclear leukocytes and a small but significant difference in platelet binding to monocyte subsets (CD14 high and CD14 low /HLA-DR high ). We also report differential effects of platelet binding on monocyte functional responses between minimally and thrombin-activated platelets. In particular, monocyte CD11b expression and release of proinflammatory cytokines, like interleukin 1␤ and tumor necrosis factor ␣, were significantly upregulated on adhesion of stimulated platelets, whereas unstimulated platelets had no effect. Moreover, binding of unstimulated, but not of thrombin-activated, platelets to monocytes had no impact on NF-B activity, monocyte migration, and induction of apoptosis in the absence of survival factors. Conclusions-Our data suggest that in the absence of overt activation, PSGL-1-P-selectin-dependent platelet binding to monocytes represents a normal physiological process with little impact on the potential of monocytes to cause vascular injury. (Arterioscler Thromb Vasc Biol. 2008;28:1491-1498) 
A dhesion of platelets and leukocytes to activated endothelium is an early event in the development of atherosclerosis. 1 Activated platelets deposit at the damaged arterial wall associated with unstable plaque rupture, precipitating or potentiating thrombus formation and coronary vascular obstruction. In addition, platelet and leukocyte interactions with endothelium play an important role in acute coronary syndromes (ACS), myocardial infarction, and unstable angina. Whereas current strategies for treatment of ACS are mainly targeted to limit platelet aggregation via glycoprotein IIb-IIIa antagonists or thienopyridines, there is evidence that alternative selectin-dependent adhesion pathways are also important in the development of vascular injury. 2 Binding of platelets to leukocytes can be demonstrated in whole blood samples from healthy volunteers, and the proportion of platelet-bound leukocytes is elevated in cases of unstable angina, myocardial infarction, coronary artery disease, and postangioplasty restenosis. [3] [4] [5] Also, increased levels of platelet-monocyte complexes were noted in patients with type 2 diabetes, 6,7 end stage renal disease, 8 and rheumatoid arthritis 9 and in smokers. 10 We have previously shown that platelets bind to monocytes predominantly via a divalent cation-dependent P-selectin-P-selectin glycoprotein ligand-1 (PSGL-1/CD162) pathway. In addition, residual divalent cation-independent platelet-monocyte binding indicates that alternative molecular mechanisms for interaction also exist. 5 Antibody-mediated cross-linking induces association of PSGL-1 with cytoskeletal proteins including ezrin and also signaling cascades eg, Syk tyrosine kinases. 11, 12 Because PSGL-1 may be induced to redistribute after binding of platelets to leukocytes, engagement of PSGL-1 has the potential to influence leukocyte behavior through signaling pathways or via cytoskeletal regulation.
Based on the proinflammatory signaling cascades after PSGL-1 engagement, as well as the association of plateletmonocyte complexes with ACS, increased platelet-monocyte binding was suggested to represent a risk factor for development of atherosclerosis, 13, 14 possibly as a consequence of altered leukocyte recruitment and activation status. However, there is little published evidence for priming and activation of peripheral blood polymorphonuclear leukocytes (PMN) or monocytes that would be consistent with a former plateletbound population. 15 Thus, although platelets can be demonstrated to bind to leukocytes in whole blood, this binding may not necessarily influence leukocyte function in vitro.
Here, we examined the differences in the regulation of platelet adhesion to PMN and monocytes and analyzed platelet binding to monocyte subsets (CD14 high and CD14 low / HLA-DR high ). We also investigated the functional consequences of platelet binding to monocytes in terms of cell surface receptor expression, cytokine production, cell migration, activation of proinflammatory transcription factors, and engagement of apoptotic programs.
Methods
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Immunolabeling and Flow Cytometry
Leukocyte-platelet interactions were determined using fluorochrome conjugated anti-CD42a mAb as described. 5 Flow cytometric analysis of the samples was performed using a BD FACSCalibur or FACScan cytometer.
Cytokine Measurement
Monocytes (with or without platelets/agonists) were incubated at 37°C for 5 hours, and cytokines (IL-1␤ and TNF-␣) were measured using a fluorescent bead-based sandwich assay (BD cytometric bead array). Analysis of the samples was performed using a BD FACS Array Bioanalysis System.
Transmigration Assay
Monocytes were preincubated with or without platelets, and transwell migration (1 to 6 hours; 37°C) in response to 6.25 ng ml Ϫ1 complement C5a was measured as described. 16 
Immunoblotting
Monocytes after treatment with agonists or platelets (30 minutes, 37°C) were lysed, and proteins were resolved by SDS-PAGE. For IB␣ detection, rabbit monoclonal anti-IB␣ (1:2500; E130, Abcam) was used followed by HRP-conjugated goat antirabbit IgG (1:2500; Dako Cytomation).
Results
Preferential Binding of Platelets to Circulating Monocytes Over PMN Cells
The role of P-selectin-PSGL-1 interaction in platelet binding to monocytes and PMN was determined using either function blocking antibodies against PSGL-1 (PL-1) or EDTA to chelate divalent cations. For monocytes, addition of EDTA resulted in a substantial decrease in platelet adhesion, indicating a divalent cation dependency (supplemental Figures I and II, available online at http://atvb.ahajournals.org). Consistent with our previous data indicating a major role for PSGL-1 in mediating platelet-monocyte binding, 5 functionblocking anti-PSGL-1 antibodies caused a similar inhibition of platelet binding to addition of EDTA (supplemental Figures I and II). Platelet adhesion to PMN was also inhibited by divalent cation chelation or PSGL-1 inhibition, but to a lesser extent, an observation that might reflect the lower basal levels of platelet adhesion (supplemental Figure II) .
The importance of PSGL-1-P-selectin interaction in mediating platelet adhesion to leukocytes was further investigated by examining the effect of platelet activators on the formation of platelet-leukocyte complexes. Platelet activation with either thrombin (1 U ml Ϫ1 ) or TRAP (20 mol/L) significantly increased platelet binding to both monocytes and PMN in a divalent cation-dependent manner (supplemental Figure III) , an effect that was paralleled by increased expression of platelet P-selectin (supplemental Figure IV) .
Although platelet adhesion to both monocytes and PMN has been shown to be mediated primarily through PSGL-1-P-selectin interaction, we observed a profound difference in the extent of platelet adhesion to these 2 leukocyte cell types in whole blood samples (supplemental Figure II) . Notably, comparison of the extent of platelet binding either in unfractionated whole blood samples or after density gradient cell separation procedures revealed differences in the stability of platelet adhesion to monocytes compared to PMN ( Figure  1A ). There was no difference in the proportion of monocytes that had bound platelets in whole blood and mononuclear cell fractions, and binding exhibited similar divalent cation dependency. In contrast, while platelet binding to PMN could be detected in whole blood, very low levels of platelet binding were observed in isolated PMN cell preparations, despite following similar isolation procedures as in monocytes. Interestingly, divalent cation-independent platelet binding to density gradient separated PMN cells was virtually abolished in the presence of EDTA.
We examined a panel of adhesion receptor molecules on monocytes and PMN from whole blood samples using flow cytometric analysis to determine whether the observed differential stability of platelet-PMN and platelet-monocyte binding reflected differences in the levels of surface expression of PSGL-1. No significant differences in the expression of CD62L or CD11b were apparent between monocytes and PMN ( Figure 1B ). In contrast, significantly lower levels of CD11a and PSGL-1 (CD162) were found for PMN when compared to monocytes ( Figure 1B and 1C ). Based on our finding that platelet-leukocyte binding displays comparable sensitivity to EGTA (a specific Ca 2ϩ chelator) and EDTA 17 and sensitivity to PSGL-1 blockade, one implication of the above data are that the levels of PSGL-1 expression might determine the extent of platelet-leukocyte interactions. However, additional experiments demonstrated that increased platelet binding to PMN occurred after exposure to TNF-␣ or lipopolysaccharide (LPS) without affecting PMN expression of PSGL-1, suggesting that platelet binding could be regulated independently of receptor expression ( Figure 1D and 1E). We therefore examined PSGL-1 localization in nonactivated or TNF-␣-activated PMN (10 ng ml Ϫ1 ; 45 minutes, 37°C) by immunofluorescence microscopy. Whereas PSGL-1 is evenly distributed throughout the entire surface of nonactivated PMN ( Figure 1F ), it becomes localized in uropods of TNF-␣-activated PMN, suggesting that receptor localization might contribute to the regulation of platelet binding.
As platelet-monocyte binding was found to be more resistant to dissociation during cell isolation than platelet-PMN binding, we next examined the stability of platelet adhesion on monocytes after brief (30 seconds) vortexing of samples in the presence or absence of divalent cation chelators ( Figure 2A ). Repeated vortexing of platelet-monocyte conjugates in the presence of divalent cations had little impact on the proportion of monocytes with bound platelets. In contrast, vortexing in the presence of EDTA readily reversed binding. Similar results were obtained when P-selectin-PSGL-1 interactions were disrupted with functionblocking antibodies (data not shown). Platelet binding was further examined using fluorescent labeled platelets isolated using minimal activation protocols and "platelet-free" monocytes separated by immunomagnetic selection techniques in the presence of EDTA. Maximal binding of platelets to monocytes occurred within 15 minutes of coincubation and was dependent on the number of platelets added back, suggesting that binding can occur relatively quickly (data not shown).
Examination of platelet-monocyte interactions by transmission and scanning electron microscopy in the presence of divalent cations revealed that most platelet binding was to membrane projections ( Figure 2B and 2C), although close apposition of the platelet membrane to the monocyte surface was also observed in some cases (data not shown). The possibility that in the absence of divalent cations platelet microparticles rather than intact platelets were bound to monocytes was excluded by examination of plateletmonocyte binding using scanning laser confocal microscopy ( Figure 2D and 2E). Our analysis clearly showed that intact platelets bind to monocytes with little evidence of microparticle binding.
Measurement of Platelet Adhesion to Monocyte Subsets
It is now well established that there are 2 distinct subpopulations of monocytes that can be defined in terms of patterns of expression of CD14, CD16, and HLA-DR. 18 Using 3-color flow cytometry, the patterns of platelet binding to these different monocyte populations were defined in the presence or absence of EDTA ( Figure 3A and 3B) . In paired analysis (nϭ13), we found a small but significant difference in the extent of platelet binding to the CD14 low CD16 low HLA-DR high subset when compared with the CD14 high expressing monocytes ( Figure 3C ), even though PSGL-1 expression between these subsets was at similar levels ( Figure 3D ). In the presence of EDTA, the levels of binding of platelets to both monocyte subsets were equivalent suggesting similar divalent cation sensitivity.
Functional Effects of Platelet Adhesion to Monocytes
Platelet adhesion to monocytes represents a more stable and long-lived interaction compared to PMN, and thus it is possible that these interactions could influence monocyte function. We therefore wished to investigate the impact of PSGL-1 engagement on monocyte functional activity after binding of unstimulated and TRAP-activated platelets. We measured the expression of CD62L (rapidly shed on cell activation) and CD11b (which is mobilized from intracellular stores) on the surface of monocytes with or without bound platelets as early markers of monocyte activation. Three-color flow cytometric analysis of whole blood samples failed to reveal a significant effect of platelet binding on surface expression of either CD11b or CD62L in the absence of overt activation, with similar levels of receptor expression on CD42a positive (platelet-bound) and negative (platelet-free) monocytes ( Figure 4A through 4D) . Consistent with this observation, there were no significant differences in monocyte transwell migration in response to C5a for monocytes with or without bound unstimulated platelets (supplemental Figure V) . This observation suggests that binding of unstimulated platelets fail to influence monocyte adhesion and cytoskeletal reorganization, which is required for efficient migration. Surprisingly, no significant change in the expression of CD62L was noted for monocytes that had bound TRAP-activated platelets. In contrast, CD11b expression was substantially increased for monocytes that had bound TRAPactivated platelets consistent with an effect of adhesion of activated (but not unstimulated) platelets on monocyte functional responses ( Figure 4A and 4C) . We next measured cytokine release from monocytes coincubated with unstimulated or thrombin-stimulated platelets (37°C, 5 hours). Interestingly, monocyte expression and release of IL-1␤ and TNF-␣ was substantially upregulated for monocytes coincubated with thrombin-stimulated platelets ( Figure 4E and 4F ), but not in unstimulated platelets. Binding of thrombin-activated platelets has been previously shown to activate NF-B, 19 a critical regulator of proinflammatory gene expression and a known survival factor for myeloid cells. 20 We therefore examined whether monocytes with bound platelets displayed translocation of NF-B to the nucleus, comparing the effects of unstimulated and thrombinstimulated platelets. Whereas monocytes with minimally activated platelets bound showed cytoplasmic localization of NF-B, monocytes with thrombin-activated platelets showed nuclear translocation of NF-B ( Figure 5A ). IB␣ was detectable in the cytoplasm of monocytes with unstimulated platelets ( Figure 5B ), but decreased cytoplasmic expression was noted when thrombin-stimulated platelets were bound ( Figure 5B ), suggestive of IB degradation. Quantification of monocyte IB␣ expression by immunoblot analysis revealed that binding of unstimulated platelets had no impact on IB␣ expression when compared with untreated monocytes alone ( Figure 5C ). Similarly, unstimulated platelet binding also failed to affect monocyte apoptotic programs again suggesting a lack of effect on NF-B regulation. Monocyte apoptosis was examined after culture in vitro in the absence of 2 important survival factors: adherence and serum. As shown in Figure  5D , monocytes cultured in suspension in the absence of serum show a progressive decrease in the percentage of viable cells over 72 hours. The decline in the number of viable cells was accompanied by an increase in the proportion of cells that show evidence of loss of membrane permeability by failure to exclude propidium iodide (necrosis). Comparison of the proportion of viable or necrotic cells revealed a minor antiapoptotic effect for binding of unstimulated platelets to monocytes. Interestingly, monocytes coincubated with TRAP-activated platelets displayed decreased necrosis rate at all the time points analyzed compared to the corresponding control (monocytes incubated with TRAP but without platelets). Collectively, all these findings clearly indicate that in the absence of overt stimulation, platelet adhesion on monocytes had little impact on monocyte functional responses and behavior.
Discussion
Platelet-leukocyte interactions have been reported to accelerate restenosis 21 and conversely, disruption of such interactions may be beneficial in animal models of vascular injury. 22 However, whether platelet-monocyte interactions contribute to the development of cardiovascular disease is unknown. We have measured platelet-leukocyte complexes in peripheral blood from normal donors, providing the first analysis of platelet binding to the CD14 low /HLA-DR high monocyte subset that is present at increased levels in the circulation during inflammatory situations. 23 Platelet binding to CD14 low /HLA-DR high and CD14 high subsets shows similar divalent cation dependency and susceptibility to blockade with P-selectin and PSGL-1 mAb. Although our data show that platelet binding to CD14 low /HLA-DR high monocytes is statistically lower (PϽ0.01) than for the CD14 high monocyte population, further studies would be required to define the biological significance of the observed difference.
Comparison of platelet binding to PMN and to monocyte subsets revealed that platelet adhesion to these cell types is predominantly mediated by P-selectin-PSGL-1 interactions. PSGL-1 blockade inhibits the majority of platelet binding to monocytes in whole blood samples, indicating that P-selectin/ PSGL-1-mediated adhesion occurs physiologically. Because a very low percentage (Ͻ1%) of circulating platelets express detectable levels of P-selectin by flow cytometry, monocytes may selectively bind the P-selectin-expressing platelets present in the vasculature. Platelet-monocyte binding appears to be more stable than platelet-PMN binding, being resistant to disruption by shear stress associated with repeated vortexing. Although the ␣ M ␤ 2 integrin has been reported to mediate platelet-leukocyte interactions, 24 the sensitivity of plateletmonocyte interactions to the specific calcium chelator EGTA 17 suggests that ␤ 2 integrins are unlikely to contribute to platelet binding. We observed higher levels of expression of PSGL-1, the leukocyte counter receptor for P-selectin ( Figure 1B) on monocytes, and we speculate that this confers increased stability of platelet binding to monocytes compared with PMN. Prolonged platelet-monocyte interactions may differ from transient selectin-mediated leukocyte-endothelial interactions during rolling adhesion and therefore have an impact on functional behavior. In particular, sustained inter- actions may have the potential to engage and cross-link PSGL-1 and initiate intracellular signaling pathways including phosphorylation of Syk and association of ezrin with ITAM motifs. 12, 25 Several studies have investigated the functional consequences of interactions between thrombin-activated platelets and monocytes, demonstrating production of chemokines and cytokines, 26, 27 tissue factor, 28 and proteases. 29 However, many of these studies use prolonged coincubation times (18 hours), during which time additional changes in platelet or monocyte activation states may occur, for example as a result of the formation of large platelet-monocyte aggregates. Furthermore, platelet-free monocyte preparations in which platelet binding via either selectin-or integrin-dependent pathways is disrupted by divalent cation chelation (EDTA or citrate anticoagulation together with EDTA washing) were used as controls for monocytes with bound platelets. These platelet-free monocytes fail to show activation of monocyte production of chemokines, cytokines, proteases, or transcription factors, 26 -29 implying that platelet binding to monocytes in the circulation fails to cause monocyte activation or alternatively that platelet-induced activation is readily reversed. Moreover, the use of P-selectin immobilized on tissue culture plates as a surrogate for PSGL-1 ligation may be very different from P-selectin binding in the context of an intact platelet. In support of this suggestion, we have recently reported that presentation of ligand on different sized latex microspheres may influence signaling pathways engaged within leukocytes. Presentation of ␤ 2 integrin ligands on particles considerably larger than a platelet (Ͼ3 m in diameter) was required for activation of neutrophil effector functions. 30 Finally, a recent elegant study suggests that both adhesion and cytokine signaling in combination are required to induce expression of COX-2 mRNA production and stabilization in monocytes, 31 raising the possibility that adhesive signals alone are insufficient to cause full activation of monocyte transcriptional activity. Thus, the assumption that binding of platelets to monocytes in the circulation is inevitably associated with proinflammatory consequences may be incorrect.
Our flow cytometric analyses in whole blood samples fail to reveal a difference between monocytes with and without bound unstimulated platelets in terms of monocyte surface expression of the activation-regulated molecules CD11b and CD62L, in contrast to findings reported by others. 25 However, when platelet-free monocytes are isolated either via counterflow centrifugal elutriation in divalent cation-free conditions 32 or after platelet detachment with EDTA, a distinct population of monocytes in terms of CD11b or CD62L expression corresponding to those having formerly bound platelets is not observed.
Engagement of PSGL-1 after antibody cross-linking has the potential to influence integrin-mediated adhesion and subsequent transmigration. Somewhat contrary to our expectations, we found that monocyte transmigration in response to the chemoattractant C5a was similar in the presence or absence of bound unstimulated platelets. As an additional intracellular marker for cell activation, we examined whether unstimulated platelet binding influenced NF-B distribution and potentially the expression of proinflammatory genes. In contrast to the observed translocation of NF-B to the nucleus in monocytes after coincubation with thrombin-activated platelets, unstimulated platelets did not induce NF-B redistribution. Similarly, analysis of IB␣ expression by both immunofluorescence microscopy and immunoblotting revealed no differences in IB␣ expression in monocytes with or without bound unstimulated platelets, whereas binding of thrombin-activated platelets caused rapid IB␣ degradation. Consistent with these findings, the expression of NF〉regulated proinflammatory cytokines, like IL-1␤ and TNF-␣, was significantly upregulated in monocytes coincubated with thrombin-activated platelets, whereas no difference was observed between monocytes with or without bound unstimulated platelets. In this respect, binding of unstimulated platelets also failed to affect the induction of monocyte apoptosis in response to serum deprivation and suspension culture. In contrast, addition of TRAP-activated platelets had an antiapoptotic effect on monocytes, as evidenced by decreased numbers of apoptotic monocytes at all time points examined over 72 hours. Collectively, these findings clearly indicate that in the absence of overt platelet activation, platelet binding to monocytes fails to influence NF-B activity.
In summary, we report that although platelet-monocyte and platelet-PMN interactions are mediated by PSGL-1 and P-selectin, more prolonged and stable binding to monocytes was observed. We could find no major difference in the binding of platelets to monocyte subsets, and examination of a number of different monocyte functional attributes suggested that binding of unstimulated platelets did not affect receptor expression, cytokine production, NF-B activation, chemotactic responses, or apoptosis. In contrast, binding of activated platelets does trigger proinflammatory responses in monocytes. One possibility is that high levels of P-selectin on the surface of activated platelets or binding of multiple platelets per monocyte is required to trigger monocyte activation via PSGL-1. In addition, release of a range of proinflammatory cytokines, including IL-1␤, IL-6, and IL-12 after platelet activation (data not shown), might provide additional signals that lower the threshold for monocyte responsiveness. In this context, based on the reported increase in thrombin-mediated platelet activation in patients with ACS, 33, 34 it seems possible that under these conditions, monocyte-platelet interactions lead to enhanced proinflammatory responses which in turn exacerbate vascular inflammation. In contrast, in the absence of platelet activation, PSGL-1-mediated platelet adhesion to circulating monocytes represent a physiological process with little impact on cell physiology, and the assumption that such interactions in peripheral blood have proinflammatory consequences should be carefully reconsidered.
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